1 Several steroids occurring in the pathway of corticosteroid biosynthesis were investigated for their ability to exert a fast or delayed feedback inhibition of stress-induced release of corticotrophin. Rats were injected subcutaneously with vehicle or a steroid either 10 min (fast feedback) or 4 h (delayed feedback) before they were subjected to stress which consisted of a 2 min exposure to ether vapour. 2 Changes in plasma corticosterone concentration and in vitro corticosterone production by excised adrenal glands were used as indices of corticotrophin release. 3 Among the steroids tested only 1 lB, 21-dihydroxypregn-4-ene-3, 20-dione (corticosterone) and 1I#, 17a, 2 1-trihydroxypregn-4-ene-3, 20-dione (cortisol) inhibited the stress response 10 min after their administration. Therefore, it appears that the fast feedback mechanism is limited to steroids with a 2 1-hydroxyl and a 1 lp-hydroxyl group.
Introduction
There are two temporally distinct periods of inhibition of stress-induced release of corticotrophin (ACTH) following pretreatment with corticosteroids; these have been designated fast and delayed feedback (Dallman & Yates, 1969) . Fast corticosteroid feedback occurs immediately after steroid administration and coincides with the time when the plasma steroid concentrations are rising (Dallman & Yates, 1969; Jones, Brush & Neame, 1972) . Delayed corticosteroid feedback occurs an hour or more after steroid administration when the plasma steroid concentrations may have returned to basal values (Smelik, 1963; Hodges & Sadow, 1967; Dallman & Yates, 1969) .
The steroids 1 1-deoxycorticosterone and 11-deoxycortisol have been found to have different actions on the fast and delayed feedback mechanisms; in fairly high doses they interfere with the fast feedback mechanism of corticosterone, but they cause inhibition of corticotrophin release when injected some hours before exposure to stress (Jones, Tiptaft, Brush, Fergusson & Neame, 1974) . In view of the proposed separate receptors involved in these two feedback mechanisms, we have tested several steroids from the corticosteroid biosynthetic pathway for fast or delayed feedback actions. Some of the findings have been briefly reported previously (Tiptaft & Jones, 1975 ).
Methods
Male Wistar-derived rats, weighing 140-200 g from a pathogen-free colony were kept three per cage in a sound insulated room for at least 12 h before each experiment. Lights were on from 07 h 00 min to 21 h 00 min and all experiments were performed between 08 h 00 min and 14 h 00 min, when the plasma corticosterone concentration was low and relatively constant.
Stress
The stress employed was a 2 min exposure to ether vapour; 25-30 min afterwards the animals were decapitated and blood was collected for the estimation of plasma corticosterone. At the same time one adrenal gland was removed, weighed, quartered and then incubated in 2 ml Krebs-Ringer solution at 37°C in an atmosphere of 95% 02 and 5% CO2 for one hour. The corticosterone content of the incubation medium was then measured.
Injections
In the experiments in which the fast feedback mechanism was tested, the animals were injected 10min before ether inhalation with a 0.9% sodium chloride solution (saline s.c.), or a suspension of a steroid in saline. In the experiments on the delayed feedback mechanism steroids were injected in larger doses subcutaneously as suspensions in arachis oil 4 h before stress. The volumes injected were 0.25 ml/100 g body weight. The injections were given into an axilla, and when two injections were given to the same animals the second axilla was used to avoid leakage.
Estimation ofcorticosterone
Corticosterone was measured fluorimetrically by a technique similar to that described by Zenker & Bernstein (1958) using a Hitachi Perkin-Elmer spectrophotofluorimeter.
In the experiments in which corticosterone was injected the basal plasma corticosterone concentration was elevated (see Table 1 ). Plasma corticosterone concentrations of unstressed animals injected subcutaneously with various steroids in a dose of either 100 .g or 2 mg/100 g body wt. are shown in Table 1 . It can be seen that any possible conversions of these steroids to corticosterone were not reflected in plasma corticosterone concentrations.
Fastfeedback
The effect of various steroids in a dose of either 100 gg or 1-2 mg/100 g body wt. injected 10 min before stress upon the stress-induced increments in plasma corticosterone concentrations is shown in Figure 1 . Corticosterone and cortisol in doses of 100 jg/100 g body wt. caused significant reductions in the stress response (P <0.001), whereas 11-deoxycorticosterone (2mg/100g body wt.) and 18-hydroxydeoxycorticosterone (100 l g/I00 g body wt.) caused significant exaggeration of the stress response (P <0.01). 305-Hydroxypregn-5-en-20-one (pregnenolone), pregn-4-ene-3, 20-dione (progesterone), 1 I,B-hydroxyprogesterone, 1 1p, 1 7a-dihydroxyprogesterone, 1 7a-hydroxypregn-4-ene-3, 20-dione (17a-hydroxyprogesterone) and 1 1-epicortisol were found to exert no fast feedback effect. Similar results with these steroids were obtained when in vitro corticosterone production was used as the index of ACTH release.
The possibility that 18-hydroxydeoxycorticosterone pretreatment interfered with the fast feedback effect of corticosterone, causing a significant exaggeration of the corticotrophic response to stress was investigated (Figure 2 ). Corticosterone in a dose of 100 gg/100 g body wt. administered 10 min before stress reduced the corticotrophin release as assessed by the stress-induced increments in plasma corticosterone (P <0.001) and the in vitro corticosterone production (P<0.01). When 18-hydroxydeoxycorticosterone (100 gg/100 g body wt.) was given 10 min before the corticosterone the response of corticosterone production and release to ether stress was no longer inhibited by the corticosterone injection.
Delayedfeedback
The effects of various steroids injected 4 h before ether inhalation upon the stress-induced increments in plasma corticosterone are shown in Figure 3 . The stress-induced increments in plasma corticosterone were reduced in rats injected with corticosterone, cortisol, 1 1-deoxycorticosterone, 1 1-deoxycortisol, 1 15, 1 7a-dihydroxyprogesterone or 1 lp-hydroxyprogesterone 2 mg/l00 g body wt. (P <0.01). After the same dose of 17a-hydroxyprogesterone or 18-hydroxydeoxycorticosterone, however, there was exaggeration of the stress response at this time interval (P < 0.01). Similar results were obtained using in vitro corticosterone production. The possibility that 18-hydroxydeoxycorticosterone or 1 7a-hydroxyprogesterone administered some hours before stress altered corticosteroneinduced fast feedback was investigated (Table 2, experiment 1). Corticosterone injected in a dose of 100 jg/100 g body wt. 10 min before stress reduced significantly the stress-induced increments in plasma corticosterone and the in vitro corticosterone production compared to vehicle control (P < 0.05). 18-Hydroxydeoxycorticosterone or 1 7a-hydroxyprogesterone (2 mg/100 g body wt.) given 4 h before the corticosterone reduced the inhibitory action of corticosterone on the response to stress applied 10 min after the corticosterone administration.
Finally the possibility that 1 8-hydroxydeoxycorticosterone or 1 7a-hydroxyprogesterone administered several hours before stress may alter corticosterone-induced delayed feedback activity was investigated (Table 2 , experiments 2 and 3). Experiment 2 shows the effect of combining a dose of 1 8-hydroxydeoxycorticosterone (2 mg/100 g body wt.
Discussion
It is evident from the results in Table 1 that the steroids tested do not act at the adrenal level by becoming involved in the biosynthetic pathway or by substrate inhibition (see also: Kraulis, Traikov, Li & Birmingham, 1973) . Furthermore, Kraulis et al. (1973) found that adrenal glands removed from rats treated with 1 1/3-hydroxyprogesterone, 11-deoxycorticosterone, 1 8-hydroxydeoxycorticosterone or corticosterone (1 mg/100 g body wt. for 3 days) responded to ACTH stimulation in vitro with a similar increase in in vitro corticosterone production to that in control animals. More important, therefore, is the conversion or metabolism of steroids at the hypothalamic and pituitary levels. The dependence of the feedback response on conversion of steroids in other parts of the body (e.g. liver) has been excluded as these steroids have a similar activity in vitro on CRF release when added to the hypothalamus in vitro (Jones, Hillhouse & Burden, 1976) .
The proposed theory that two different receptors are involved in the fast and delayed corticosteroid feedback control of ACTH secretion (Jones et al., 1974) is supported by the experiments described here. The fast feedback receptor mechanism appears to be highly specific for corticosterone and cortisol, requiring the 1 lp-hydroxyl group (as 1 1-epicortisol is not active) and the 2 1-hydroxyl group (as progesterone and 1 lp-hydroxyprogesterone are inactive). Interestingly, replacing the 1 lp-hydroxyl group of corticosterone and cortisol by a hydrogen atom increases the affinity but not the efficacy, and the corresponding steroids are antagonists to corticosterone and cortisol (Jones et al., 1974) . The delayed feedback receptor mechanism appears to be less specific since corticosterone, cortisol, 11-deoxycorticosterone, 11 -deoxycortisol, 1 1/-hydroxyprogesterone and 11/B-, 1 7a-dihydroxyprogesterone all exert a feedback action. The presence of either the 11/p-hydroxyl group (as 1 1/-hydroxyprogesterone is effective) or the 2 1-hydroxyl group (as 1 1-deoxycorticosterone is effective) appears to be necessary for delayed feedback activity. Again the 1 la-hydroxyl group renders the steroid inactive, as in the case of 11-epicortisol and 1 la-hydroxypregn-4-ene-3, 20-dione (1 la-hydroxyprogesterone). The fact that such a wide variety of steroids are agonists on the delayed feedback mechanism is surprising, particularly since many of these steroids have little glucocorticoid or anti-inflammatory activity. This reinforces our previous suggestion that an analysis of the structure-activity relationship may enable the design of a steroid with strong antiinflammatory activity and little feedback suppression, or a steroid that specifically antagonizes the feedback action of potent anti-inflammatory steroids (Jones et al., 1974 ). An antagonist to the delayed feedback action of corticosteroids would be the most useful since the latter must be the main mechanism of the unwanted ACTH suppression following therapeutic use of steroids.
The rat adrenal in vitro has the capacity to 17a-hydroxylate progesterone, but this system is inhibited in the presence of the 1 lp-hydroxylating system (Young & Sweat, 1967) . However, cortisol and 17a-hydroxyprogesterone are not found in the adrenal vein blood of the rat, although they have been shown in this study to have interesting feedback actions. The steroid 1 8-hydroxydeoxycorticosterone however, is an adrenal steroid in the rat (Birmingham & Ward, 1961; Peron, 1961) and its secretion is increased by ACTH (Ward & Birmingham, 1960) . This steroid has actions on electrolyte and water excretion in this species (Birmingham, MacDonald & Rochefort, 1968) and it has been implicated as a possible hypertensive agent in rats (Birmingham, Rochefort & Traikov, 1965; Rapp & Dahl, 1971 ) and in man (Melby, Dale & Wilson, 1971) . In a recent study, unilaterally nephrectomized male rats maintained on 1% saline were injected with vehicle, corticosterone, 11-deoxycorticosterone or 18-hydroxydeoxycorticosterone 200 gg/daily for 21 days (Oliver, Birmingham, Bartova, Li & Chan, 1973) . Oliver et al. (1973) showed that not only 11-deoxycorticosterone but 1 8-hydroxydeoxycorticosterone contributes to the aetiology of hypertension possibly by a mechanism involving stress-induced ACTH release. The same laboratory had previously shown that rats treated for 3 days with 18-hydroxydeoxycorticosterone (1 mg/100 g body wt. twice a day) responded on the third day with abnormally high plasma corticosterone concentrations and in vitro corticosterone production in response to ether stress (Kraulis et al., 1973) . Our experiments confirm that 18-hydroxydeoxycorticosterone is capable of exaggerating stress-induced ACTH release, and this is probably due to an interference with the fast feedback mechanism of corticosterone. 18-Hydroxydeoxycorticosterone may therefore play a role influencing ACTH secretion in the rat and other species.
The current work and that reported previously (Jones et al., 1974) reinforce our contention that high circulating levels of adrenal corticosteroid precursors found in adrenogenital syndrome (1 1-deoxycortisol, 1 1-deoxycorticosterone and 17a-hydroxyprogesterone) antagonize the fast feedback action of cortisol. This antagonism might provide another mechanism whereby ACTH levels are elevated in this disease, and explain why treatment with physiological doses of glucocorticoids often fails to reduce the high circulating levels ofACTH (Jacobs, Abraham, Glasser, Hopper & Kondon, 1972) . The high levels of 17a-hydroxyprogesterone at mid cycle during the human menstrual cycle may also account for the elevated ACTH levels at this time (Burns, 1975) .
